Abstract-We show by rigorous coupled-wave analysis and experimental measurements the optimal values of phase retardation and duty cycle of the phase mask to minimize zero and even diffracted orders. The values are more precise than those usually used according to the scalar theory of diffraction. Under an oblique incidence, we optimize the phase mask with three parameters: phase retardation, duty cycle, and refractive index, which result in a perfect sinusoidal interference field with high diffraction efficiency for writing the fiber Bragg grating (FBG).
I. INTRODUCTION
T HE fiber Bragg grating (FBG) is a key component for many applications in wavelength division multiplexing (WDM) optical communication and optic fiber sensors. The use of a phase mask for side-writing the fiber grating was originally introduced by Hill and Anderson, respectively, in 1993 [1] , [2] . This method is thought to be one of the best techniques for mass fabrication of fiber Bragg gratings because of easy alignment, reduced requirements for stability of the system and coherence of the ultraviolet (UV) laser beam, and flexibility of the process for writing apodized and chirped gratings [3] , [4] .
The phase mask is a one-dimensional periodic surface relief grating. Fabricated by e-beam lithography in fused silica plate, the phase mask usually has a square wave shape in profile and is a binary phase grating. The UV excimer laser beam passing through the phase mask is diffracted to form a three-dimensional (3-D) interference field, which is useful for photo-imprinting a refractive index modulation in a photosensitive optical fiber core or planar waveguide. Although the fiber is placed in contact or near-contact with the corrugations of the phase mask, the distance from the phase mask to the fiber core due to the thickness of fiber cladding is much larger than the phase mask grating period. Therefore, one can consider the far-field diffraction and can first compute the diffracted orders of the phase mask and then sum them up to obtain the interference field in the homogeneous free space behind the phase mask. The computer simulation conducted by Dyer et al. [5] showed that even small contributions from diffracted orders other than 1 can produce significant deviations from the ideal two-beam interference pattern. There would be not only the lateral intensity oscillation fringes on the surfaces parallel to the phase mask but also oscillations in the direction normal to the phase mask, resulting in complicated structures in the interference field that would compromise the grating formation process in the fiber and affect the reflection spectrum of the fiber grating. Jensen and Sudbo used the bidirectional eigenmode propagation method to calculate the diffraction of the phase mask [6] . However, the optimal phase mask they obtained still contained 7% of the incident power in the zero-order.
In this paper, we analyze the phase mask diffraction using rigorous coupled-waved analysis [7] , and we show by theoretical analysis and experimental measurements the optimal values of phase retardation and duty cycle of the phase mask to minimize zero and even diffracted orders that are more precise than those typically used according to the scalar theory of diffraction. We show that at normal incidence, a simultaneous suppression of all the unwanted orders is impossible by only changing the duty cycle and phase retardation of the phase mask. We find that at oblique incidence, where the diffraction angle is twice that at the normal incidence, and with an additional degree of freedom for refractive index of the medium after the phase mask, all the unwanted diffracted orders may be eliminated. The optimal phase mask can generate a nearly perfect sinusoidal field distribution with a high diffraction efficiency.
II. DIFFRACTION OF PHASE MASK
An ideal phase mask of grating period for photoimprinting the fiber grating should produce only 1 diffracted orders that form a system of fringes of the period 2, which is independent of the wavelength. Thus, an excimer laser irradiation of broad spectral band can be used. In the fiber, the Bragg resonance for reflection of the incident mode occurs at the wavelength (1) where 2 is the period of the fiber grating and is the effective index of the fiber core. Thus, the period of the phase mask is typically close to four times the UV 0733-8724/99$10.00 © 1999 IEEE wavelength of the excimer laser beam and ranges about 1 m. It is difficult in fabrication of the phase mask to put more than one phase transition point within that period, so that the phase mask cannot have multiple phase levels and cannot be a binary phase Dammann grating [8] , which has multiple grooves and ridges within one period. Phase retardation is defined as the phase difference induced by the groove depth when the beam pass through the phase mask and the duty cycle is defined as the ratio between the width of the groove and the phase mask period. Under the scalar diffraction approximation, the diffracted orders of a binary phase grating are the Fourier series components of the grating complex valued transmittance function. For normal incidence, and with the duty cycle equal to 0.5 and the phase retardation equal to , the zero-order and all the even orders are null. Each of the 1 orders has 40.4% of energy. However, higher odd orders persist; for instance, each of the 3 orders has 4.5% of the energy. In practice, fabrication errors can bring out the energy from the first orders into zero-order and other higher orders. The use of the sinusoidal phase grating does not help. The sinusoidal phase grating has the diffraction efficiencies for the th order equal to , where is the Bessel function of the first kind and is the amplitude of the phase modulation. Therefore, the maximum diffraction efficiency of the 1 orders is only 33.9%. At the same time, there are strong zero-order (11.5%) and 2 orders (9.4% of each) [9] .
Since the period of the phase mask is about four times the wavelength, the scalar electromagnetic field approximation does not hold. A rigorous solution of the Maxwell equations is required. The rigorous analysis should be applied to the corrugation region (grating region) of the phase mask where the medium is not homogeneous. Before and after the grating region, the beams propagate in the homogeneous medium. One can still sum up the diffracted orders to obtain the interference pattern behind the phase mask.
With the new formulation of rigorous coupled-wave analysis [7] , the field in the grating region is Fourier expanded in terms of the space-harmonic components in the periodic structure of the grating. The periodic permittivity of the grating is also expanded into a Fourier series. Therefore, the wave equation can be solved in the grating region with the space-harmonic components of the field phase-matched to the diffracted orders before and after the grating region. The interference pattern just behind the phase mask can be obtained by summing up the diffracted orders (2) where is the complex amplitude of th order, is the coordinate in the direction normal to grating groove, and with the refractive index of the phase mask, the incident angle, the wavelength of UV light, and the period of the phase mask. Note that is complex valued, so that the initial phases of diffracted orders can be different.
The accuracy of the solution obtained depends solely on the number of terms in the field space-harmonic expansion. Although we only consider the phase mask as binary relief structure and the incident UV light as a uniform plane wave, the method can be easily extended to calculate arbitrary surface relief structure due to the fabrication error and a practical divergent incident beam. In our calculation, 101 space-harmonic components are included. In fact, the use of 51 modes could be accurate enough.
At the normal incidence, for a phase mask period of 1.063 m and a UV wavelength of 244 nm, there exist nine diffracted orders (0, 1, , 4). We need to satisfy nine equations, such that the 1 orders are of equally high intensity where and are the amplitudes of 1 orders) and the other unwanted seven orders equal zero. However, it is very difficult to satisfy all nine equations simultaneously, since there are only two unknown parameters: duty cycle and phase retardation. As a result, the seven unwanted orders cannot be suppressed simultaneously. We look for an optimal solution by computing the diffraction efficiencies as a function of the duty cycle and phase retardation for both TE and TM polarization modes. In the TE mode, the polarization of the electrical field is parallel to grating grooves, and in the TM mode, the polarization of the magnetic field is parallel to the grating grooves. These functions are usually bowl-shaped with a welldefined maximum and minimum, as shown in Figs. 1 and 2(b) . An optimization could be then applied for maximizing the 1 diffracted orders using an iterative gradient descent algorithm. The similar results obtained by the scalar theory are shown in Fig. 2(a) .
We find that the maximum diffraction efficiency of 1 orders occurs when the phase retardation is 1.04 and the duty cycle is 0.55 according to vector theory, instead of the phase retardation of and the duty cycle of 0.5 according to scalar theory. The maximum efficiency of the 1 orders is about 39%, and in the same time the zero and 2, 4 orders have minimum efficiencies but are not suppressed completely. Furthermore, the 3 orders have their maximum efficiency of about 4.5%. The results for TM mode show that the efficiency of the unwanted zero order and high orders is higher than that of the TE mode.
We have measured zero-order diffraction efficiencies of the phase masks as a function of the duty cycle experimentally. The result in Fig. 3 shows that with phase retardation of 1.11 , the minimum zero order occurs at a duty cycle of about 0.555, which agrees closely with the theoretical results.
The residual unwanted orders will seriously affect the interference field intensity distribution. Fig. 4 is the intensity distribution after phase mask when phase retardation is 1.04 and duty cycle is 0.55. We see that the period of the interference fringe is half of the phase mask period, and that the intensity distribution not only oscillates in the fiber length direction but also periodically oscillates in the -axis direction normal to the surface of phase mask and the fiber. The oscillation period is about 1 m, the amplitude of the oscillation is not constant, and the modulation is almost 100%. There are also complicated fine structures in the intensity pattern.
III. OPTIMAL PHASE MASK
The oblique incidence to the phase mask for side-writing the fiber grating was proposed by Anderson et al. [2] . In this scheme, the interference pattern between the zero and 1 orders is used for photo-imprinting the fiber grating. In order to avoid slanting interference fringes, one keeps the zero and 1 orders symmetric to the normal of the phase mask by selecting the incident angle. The incident angle should be half of the angle between zero and 1 order (3) The period of the interference pattern after the phase mask is given by (4) For a small diffraction angle, the interference fringes between the zero and 1 orders have approximately the same period as that of the phase mask. Therefore, the phase mask has to have double the frequency used at the normal incidence for writing the same fiber grating. That would increase the difficulties in phase mask fabrication and the requirement for stability of the fiber grating writing system. However, because the diffraction angles are twice at the oblique incidence, the number of the nonevanescent diffracted orders is much less than that at normal incidence, and the number of diffracted orders to be eliminated is smaller. In our example, with a fused silica phase mask of refractive index , UV wavelength nm and period nm, only 2, 1, and 3 diffracted orders are to be eliminated. We maximize the total efficiency of the zero and 1 orders but let the two orders have different efficiencies that only affects the visibility of the interference pattern. The number of equations to be satisfied in the optimization is reduced by one. To suppress the four unwanted diffracted orders, we have only two unknown parameters: phase retardation and duty cycle. We found that by adding a new degree of freedom for the refractive index of the phase mask material or that of the medium behind the phase mask in the design, we can minimize all four unwanted diffracted orders by the optimization and maximize the zero and 1 orders, then obtain a clean interference pattern.
Since the diffraction efficiencies are all bowl-shaped functions of the phase retardation, duty cycle, and refractive index, similar to that shown in Figs. 1 and 2 , the optimal solutions can be found by iterative gradient descent methods. However, we compute the diffraction efficiencies as a function of duty cycle, phase retardation, and refractive index of the medium after the phase mask. The calculation results in a long table listing combinations of the parameters, in which the total diffraction efficiency of zero and 1 orders is higher than 99%. We then look for optimal solutions in the table because in practice, the refractive index of the medium behind the phase mask must be selected. We keep the three parameters in physically reasonable ranges. In the calculation, the duty cycle ranges from 0.2 to 0.8 with a sampling interval of 0.02; the phase retardation ranges from 0 to 2 with a sampling interval of 0.025 ; and the refractive index ranges from 1.3 to 1.525 with a sampling interval of 0.025. We keep the difference of efficiency between the zero and 1 orders less than 15%. To run this MATLAB program on a SUN UltraSparc workstation takes six hours. Table I shows part of the optimal phase masks with parameter sets. The total efficiencies of 0 and 1 orders of all these parameter sets are over 99%. Fig. 5 shows an example of the optimal phase mask giving total efficiency of zero and 1 orders of 99.4% and a nearly perfect 3-D sinusoidal interference fringes pattern. There is still 0.6% of the energy included in the unwanted orders and in the reflection. According to the simulation, about 0.49% of the energy is contained in 2 order, 0.09% in 1 order, 0.01% in 2 order, and the rest in the reflection orders. These unwanted orders still lead to oscillations in the -direction, as shown in Fig. 5 . However, compared with that of the normal incident case, the oscillation period is about 1.54 m, the modulation is about 15.4%, and the amplitude is constant; there is no complicated fine structure. With another parameter set in Table I , the total efficiency of zero and 1 order is 99.94% and the modulation is only about 4.5%.
A change of the refractive index of the medium behind the phase mask is possible. One possibility is to submerge the phase mask surface relief structure into a refractive index matching liquid. Another possible method is to deposit a layer of polymer of the desired refractive index on the phase mask surface relief structure with a technique similar to that used for compression molding or cast and cure methods for diffractive optical element replication.
IV. CONCLUSION
We have analyzed phase mask diffraction using rigorous coupled-wave analysis. At normal incidence, we show the optimal duty cycle and phase retardation, which are different and more precise than those typically used according to the scalar theory of diffraction. We have shown that it is impossible to eliminate all the unwanted diffraction orders in a general UV light normal incident case. At oblique incidence and with the optimal combination parameters of the duty cycle, phase retardation, and an additional freedom of refractive index, we have found an optimal set of parameters that results in elimination of all unwanted diffracted orders and perfect sinusoidal interference pattern for writing fiber grating. 
